In mammals the intravenous injection of a solution of potassium chloride may produce either a sequence consisting of extrasystoles, tachycardia and finally ventricular fibrillation, or on the other hand cardiac arrest without arrythmia (5, 7, 8) . Recently Nahum and Hoff (6) found in the rabbit that fibrillation was produced by the rapid injection of a concentrated solution of potassium chloride, while arrest without arrythmia occurred following slow injection of an isotonic solution. Arrest produced in this fashion is preceded by a definite sequence of electrocardiographic changes.
The present studies were undertaken to determine what relationship, if any, exists between the concentration of potassium in the serum and the various electrocardiographic changes observed following intravenous injection of an isotonic solution of potassium chloride. PROCEDURE. Four dogs weighing from 15 to 20 kilos were employed in five experiments.
Morphine sulphate, 10 mgm. per kgm. body weight, was injected subcutaneously thirty minutes before each experiment. A control electrocardiogram was obtained from lead II, and an initial sample of venous blood withdrawn under oil from the jugular or femoral vein. In three experiments (1, 2, 4 of table 1) an isotonic solution of potassium chloride (1.12 per cent) was then injected into the femoral vein at a rate approximating 10 cc. per minute, until the death of the animal. In one experiment (exp. 3 in table 1) injection was discontinued before cardiac arrest had occurred, and the animal allowed to recover. The same animal received at a later date an injection of an eight times isotonic solution of potassium chloride (exp. 5, At intervals varying from two to five minutes further electrocardiograms were taken from lead II, and blood samples were withdrawn from the jugular vein at somewhat longer intervals.
A final sample of blood was obtained at death from the jugular vein or from the heart. The concentration of potassium in the serum was determined by the method of Shohl and Bennett as modified by Hald (3). Changes in concentration of potassium in serum.
In table 1 are summarized the basic data of all five experiments, including the amount of potassium chloride given, the rate of injection, the time at which each blood specimen was taken, and the concentrations of potassium in the serum at that time.
It will be seen that the concentration of potassium regularly increased almost linearly with time. It was thus possible by interpolation to estimate the concentration of potassium in the serum at any given time.
These interpolated values were then compared with the electrocardiographic changes as they developed. and the concentration of potassium at which they first were detected. These changes were in every way similar to those reported following slow injection of potassium chloride in the rabbit (6) . Ventricular extrasystoles, ventricular tachycardia, and ventricular fibrillation were not seen, and death occurred by cardiac arrest, preceded by a characteristic sequence of changes in the electrocardiogram.
From table 2 it will be clear that in all experiments each characteristic change appeared at approximately the same concentration of potassium.
First to appear was an increase in the amplitude of the T wave, usually accompanied by a shortening of its duration ( fig. 2, B, C) . This change became apparent at concentrations of 5.0 to 7.8 mM. per liter, and increased progressively until the T wave equalled the Q R S complex in amplitude and brevity ( fig. 1, D) , or until it was obscured by the onset of other changes. Somewhat later, at concentrations of 7.8 t,o 9.0 mM. per liter, the S-T segment began to sink below the isoelectric line ( fig. 1 , C, and fig. 2 , B) and continued to drop as the concentration rose ( fig. 2, C) . The greatest change occurred in experiment 4, in which the S-T segment fell 4 mm. below the isoelectric line when a concentration of 14 mM. per liter was atstained. The Q R S complex became definitely wider as the concentration of potassium reached 10.0 to 12.0 mM. per liter ( fig. 1, E) . By the time a lethal concentration of potassium was attained, this had progressed to almost complete disorganization of the complex ( fig. 1, F) .
The P waves first began to widen and lose amplitude at concentrations of 9.4 to 11.0 mM. per liter, and then quickly disappeared as the concentration rose further.
No changes were noted in the P-R interval up to the time of extinction of the P wave. In experiment 3, in which the concentration of potassium increased most gradually, total block appeared just as the P waves disappeared ( fig. 2, B) . Injection of potassium was stopped at this moment, and as the concentration of potassium dropped the P waves reappeared (at 7.9 mM. per liter) with total block between auricles and ventricles ( fig. 2, D) . In certain electrocardiograms (not shown here) continuous progressive decline in the amplitudr of the P waves prior to their disappearance was observed.
This makes it. prob- These experiments demonstrate a close correlation between the concent,rations of potassium in the serum and the electrocardiographic changes produced by intravenous injection of an isotonic solution of potassium chloride.
Failure of Harris and Levin (4) to find such a relationship in the human heart following intravenous inject'ion of potassium chloride is consistent with our results, since in their experiments t,he concentration of pot'assium in t,he serum did not increase by more than 1.0 mM. per liter.
Our experiments indicate that a great'er increase than this is necessary in order to produce electrocardiographic changes. It is clear from these exberiments that potassium injected intravenously causes death by cardiac arrest,. This is borne out by the observation that respirations and reflexes usually persisted for a brief int'erval after cardiac arrest and is consist'ent, with the usually accepted interpretat,ion of the t,oxic action of potassium (1) . The constancy of t,he concentrat,ion of potassium in serum at the precise moment of cardiac arrest, 14 to 16 mM. Per liter, suggests that; there is a critical concent,ration of potassium at, whi ch the heart stops.
If this is a true conception of the toxic action of potassium, then cardiac injection or of the total arrest should occur independently of t,he rate of amount' of potassium given, except in so far as these factors combine to produce the necessary rise in the concentration in the serum.
Such indeed is the case in these experiments. In cert,ain experiments reported elsewhere (10) it, proved possible to give intravenously much larger amounts of pot,assium than were givtln in any of these experiments with material slowly enough. of po tassium agrees Cons (2) . In experi with .mt?nt .out an .y harm to the animals? by in,j Ming the This conception of a fatal crit'ical concent'ration the work of Hald, using isolated heart, prepara-3 in which the concentration of potassium in t!hc serum rose nearly to thtt crit,ical level and was then allowchcl to fall again, the animal recovered c~omplctely, showing that, t,hcrc is no d&~yc~~ toxic action.
This interpretation of tlht? toxic actlion of pot,assium explains t,hc difference between high toxicitly of t.he ion administered intravenously and it$s wholly benign charact;er given by mouth, such as when given 10 grams of orally.
RelaCvely large a lrnouI potassiu .m chloride, produce in m It3 an changes in the serum pot,assium concentration of only 1.0 to 2.0 mM. per liter (9) . Even in subjects w&h advanced renal damage it is difficult, t.o produce a rise of more 'than 3 111~. per liter by the oral administ,rat)ion of potassium salt's (11) .
If itI is justifiable to assume that) t,hc critical con-* centration of potassium in the serum at which cardiac arrest occurs in man is nearly the same as in the dog, then there is evidently a wide margin of safety after oral administration, since the serum potassium would have to increase some 9 mM. per liter to reach a fatal level.
Little can be said concerning the general biological significance of the existence of such a critical concentration of potassium. From experiments of the type reported here it is impossible to determine the nature of the critical event.
It might possibly be t,he attainment of some particular intracellular concentration of total potassium or of some fraction of potassium, or it might involve tlhe relationship between the intracellular and the extracellular concentrations.
In the absence of experimental data bearing directly on this problem such speculations must be deferred.
The electlrocardiographic evidence is of little help, since it indicates only that the crucial event causing arrest is a complete disorganization of the ventricular complex and a disappearance of the normal action current.
Such disorganization is not characteristic of potassium poisoning alone, but has been reported in cardiac arrest from a variety of causes. SUMMARY 1. Potassium chloride in isotonic solution was injected intravenously into dogs at relatively slow rates.
Serial electrocardiograms were tlaken from lead II, and blood samples withdrawn at intervals throughout the experiment to permit determination of the concentration of potassium in the serum.
2. Alterations in the T wave regularly appeared at concentrations of 5 to 7 mM. per liter, depression of the S-T segment appeared at 8 t,o 10 mM. per liter of potassium in the serum. Intraventricular block began at concentrations of 10 mM. per liter, the P waves disappeared at 9 to 11 and cardiac arrest took place at 14 to 16 mM. per liter.
3. No ectopic injection.
arrythmias of any type were observed at these rates of
